Genetic damage through mutations and genome rearrangements has been hypothesized to contribute to aging. The specific mechanisms responsible for age-induced increases in mutation and chromosome rearrangement frequencies and a potential causative role for DNA damage in aging are under active investigation. Retrotransposons are mobile genetic elements that cause insertion mutations and contribute to genome rearrangements through nonallelic recombination events in humans and other organisms. We have investigated the role of endogenous Ty1 retrotransposons in aging-associated increases in genome instability using the Saccharomyces cerevisiae chronological aging model. We show that ageinduced increases in loss of heterozygosity and chromosome loss events are consistently diminished by mutations or treatments that reduce Ty1 retrotransposition. Ty1 mobility is elevated in very old yeast populations, and new retromobility events are often associated with chromosome rearrangements. These results reveal a correlation between retrotransposition and genome instability during yeast aging. Retrotransposition may contribute to genetic damage during aging in diverse organisms and provides a useful tool for studying whether genetic damage is a causative factor for aging.
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long-terminal repeat retrotransposon | mobile element | chromosomal rearrangement | lifespan A substantial amount of research has identified associations between aging and genome instability in humans and model organisms, but a causative role for DNA damage and genome instability in normal aging has not been conclusively demonstrated. Increases in frequencies of mutations and chromosome rearrangements and in accumulation of DNA repair foci with increasing age have been detected in a variety of cells and organisms (1) . Multiple human syndromes characterized by premature symptoms of aging or onset of aging-related diseases, such as Werner syndrome and Cockayne syndrome, result from deficiencies in enzymes involved in DNA replication and repair (2, 3) . Elegant work in a Drosophila model has demonstrated that different DNA repair pathways are used preferentially in old and young cells to repair DNA damage (1) . Continued studies of mechanisms of aging-associated genome instability and the consequences of increasing or decreasing levels of DNA damage on lifespan should help to clarify whether genome instability is an important causative factor for aging.
Retrotransposons are ubiquitous eukaryotic mobile DNA elements that can promote genome instability in a variety of ways. Retrotransposition involves transcription of an element, reverse transcription of the RNA copy into a cDNA by a reverse transcriptase encoded by the element, and integration of the cDNA into a new genomic site. Retromobility refers to integration of cDNA at new sites as well as recombination events between cDNA and preexisting genomic retrotransposon sequences. In addition to acting as insertional mutagens, retrotransposons are frequently present at the sites of chromosome rearrangements, because DNA repair processes can capture and insert cDNA into the genome at sites of damage (4) (5) (6) (7) (8) (9) (10) (11) . Additionally, retrotransposons can produce reverse transcripts of cellular mRNA that are incorporated into genomes as processed pseudogenes (12, 13) . Retrotransposon insertions have caused a variety of human diseases (14) , and a potential role for human retrotransposons in aging has been recently reviewed (15) . It is challenging to study the activity of individual endogenous retrotransposons, manipulate their mobility, and quantitatively assess the consequences of endogenous retrotransposon mobility on genome stability in humans. However, Saccharomyces cerevisiae has proven to be an excellent model for studying endogenous retrotransposons (16) , because the mobility of individual endogenous yeast Ty1 retrotransposons can be routinely quantified, and a variety of means exist to manipulate retrotransposition levels.
S. cerevisiae has also proven to be a useful model organism for studying aging through two different experimental systems (17, 18) . Replicative aging is a measure of the number of times a given yeast mother cell can divide to produce daughter cells, whereas chronological aging measures the survival of yeast cells maintained in saturated cultures that are nutrient-depleted. Numerous studies have demonstrated that replicative aging and chronological aging in yeast are regulated by conserved growth-signaling and nutrient-sensing pathways that influence aging in other organisms, including humans (18, 19) . Despite some observations of potential yeast-specific aging factors (18, 20) , yeast aging is associated with changes in metabolic and stress response pathways, increases in oxidative stress, and increases in the accumulation of mutations and chromosome rearrangements, which are commonly associated with aging in diverse organisms (18, 19, (21) (22) (23) (24) .
We took advantage of the yeast chronological aging model to address whether retrotransposons promote age-associated genome instability. We show that mutations and treatments that decrease Ty1 retrotransposition produce corresponding reductions in ageinduced loss of heterozygosity (LOH) and/or chromosome loss in aging diploid yeast populations. Ty1 retromobility was elevated in old diploid yeast populations, and cells with new retromobility events harbored chromosome rearrangements. These data are consistent with the hypothesis that retrotransposons promote genome instability as cells age. 
Results

Mutations and Treatments That Reduce Ty1 Retrotransposition
Reduce Levels of LOH and Chromosome Loss During Aging. We developed a genetic system in two different strains of S. cerevisiae to quantify genome instability in chronologically aging yeast populations. Our system consisted of a hemizygous URA3 gene insertion at position 522206 on the right arm of chromosome VIII and a hemizygous TRP1 gene insertion at position 56054 on the left arm of the same copy of chromosome VIII in diploid strains (Fig. S1) . Exposure of cells to medium containing 5-fluoroorotic acid (5-FOA) selects against the function of URA3 (25) . Cultures were initiated at low cell densities, allowed to grow to stationary phase, and then maintained in stationary phase for the duration of the experiments. The frequency with which cells became resistant to 5-FOA was determined during the initial growth period and at regular intervals during maintenance in stationary phase to measure the frequency of LOH at different time points during aging. Resistance to 5-FOA could arise from small-scale mutations in URA3, gene-conversion recombination events between the two copies of chromosome VIII, chromosome rearrangements, or loss of the entire marked chromosome VIII. We grew 5-FOA-resistant derivatives on medium lacking tryptophan to select for the function of TRP1 to distinguish chromosome loss events, because these events would result in loss of both URA3 and TRP1 function (Fig. S1) .
We decreased Ty1 retromobility in our strains by deleting or disrupting the DHH1, DFG10, HSX1, LOC1, LSM1, or SPT3 gene and then measured genome instability in the chronologically aging populations ( Fig. 1 and Table 1 ). Mutation of SPT3 substantially reduces Ty1 transcription (26) ; mutation of HSX1 [tR(CCU)J] disrupts the normal translational frame-shifting that produces Ty1 proteins (27) ; mutations in DHH1 and LSM1 decrease Ty1 retromobility at posttranscriptional steps (28, 29) ; and the steps of retromobility influenced by mutations in DFG10 and LOC1 are under active investigation. We used a semiquantitative Ty1 integration PCR assay to confirm that the mutants tested had lower levels of Ty1 mobility ( Fig. S2 and SI Results). Initial LOH and chromosome loss frequencies were similar to WT frequencies or elevated in the mutants ( Fig. 1 and Table 1 ). As expected, LOH frequencies and chromosome loss frequencies were substantially elevated in the WT strains, with age-induced increases of 20-and 32-fold (BY4741/BY4742) or 14-and 72-fold (GRF167), respectively ( Table 1 ). The age-associated increases in LOH and chromosome loss frequencies were diminished in all the mutant strains, except lsm1, and these differences were statistically significant for hsx1 and spt3 in the BY4741/BY4742 background and for dfg10, dhh1, and loc1 (chromosome loss only for loc1) in the GRF167 background. The similarity between lsm1 and WT strains with regard to agingassociated increases in LOH could be explained by the relatively modest decrease in retrotransposition in lsm1 mutants (29) ; indeed, we observed minor effects on Ty1 integration in our PCR assay (Fig. S2) .
As a further test of the hypothesis that retromobility gives rise to aging-associated genome instability, we exposed cells to the reverse transcriptase inhibitor phosphonoformic acid (PFA), which inhibits Ty1 retromobility by reducing levels of Ty1 reverse transcripts (30) . Exposure to PFA significantly diminished the ageassociated increase in LOH from 20-fold to 5.8-fold and the ageassociated increase in chromosome loss from 32-fold to 3.9-fold (Table 1) . To identify media conditions that reduce Ty1 retromobility, we used a genetic assay to measure retromobility of a single chromosomal Ty1his3AI element. The his3AI retromobility indicator gene allows Ty1 mobility to be detected through restoration of a functional HIS3 gene during Ty1 replication (31) . The BY4741/BY4742 strain was grown in different media previously shown to influence lifespan (20, (32) (33) (34) . Growth in 2% glycerol (vol/vol) plus 2% (vol/vol) ethanol decreased Ty1his3AI mobility fivefold, whereas other media resulted in little or no change in mobility (<2.5-fold; Fig. S3 ). Reduced retrotransposition in 2% (vol/vol) glycerol plus 2% (vol/vol) ethanol medium was accompanied by significantly smaller age-associated increases in LOH (36-fold vs. 5.1-fold) and chromosome loss (98-fold vs. 9.0-fold; Table 1 ). Overall, these results are consistent with the idea that retrotransposition promotes genome instability during yeast aging.
It could be argued that the aging-associated increase in LOH and chromosome loss frequencies we observed in the WT populations result from improved survival of mutant cells present early in the growth of a culture, rather than true increases in the frequencies of these events in a cell population during aging. To address this issue, we compared the chronological aging of the parent strains with that of derivatives that had undergone LOH or chromosome loss events. Independent 5-FOA-resistant (Ura − ) derivatives with LOH or chromosome loss events were obtained from populations aged until cells exhibited <25% viability. The Ura − isolates were mixed at equal cell densities with the corresponding Ura + parent strains to initiate competitive chronological aging experiments. We determined the relative number of Ura + and Ura − cells at different time points during aging. Note that the frequency of losing URA3 function in the parent strain was too low to influence the results of this assay.
The results of four independent experiments indicate that the Ura − cells were losing viability at a rate similar to the parental cells. The median values for the initial percentage of Ura − cells present in the cell populations were variable for derivatives with LOH or chromosome loss events for each of the four experiments, reflecting different initial growth rates between the Ura − derivatives and the parent strains (Fig. 2) . The percentage of Ura − cells in each experiment remained relatively constant during aging. The ratio of the percentage of Ura − cells at the final time point to the percentage of Ura − cells at the initial time point was 0.76-1.27 for derivatives with LOH events and 0.42-4.1 for derivatives with chromosome loss events. This set of results is consistent with agedependent increases in LOH and chromosome loss frequencies resulting from new events that occur in old cells, rather than selection for cells with preexisting genetic changes.
Most LOH Events Result from Large-Scale Recombination or Deletion
Events. We further analyzed LOH events in two WT and three mutant strains (dfg10, hsx1, and loc1) making use of a second hemizygous gene, HIS3, located ∼15 kb telomere-distal to URA3 Ty1 retrotransposition levels and aging-associated increases in genome instability are frequently correlated. Relative mean (±SD) of median values for initial and aging-associated LOH and chromosome (chr) loss frequencies was calculated for the indicated WT and mutant strains using the data presented in Table 1 . Relative retrotransposition for each mutant was determined using Ty1 integration PCR data, as described in SI Materials and Methods. All WT values were set to 1, and values for mutants were normalized to the corresponding WT value. A star over a bar for aging LOH or aging chr loss indicates P < 0.05 using a two-tailed t test assuming unequal variance.
on the same copy of chromosome VIII so as to group LOH events into three classes ( Fig. S4 and SI Materials and Methods).
In all strains analyzed, most (82-99%) LOH events were associated with loss of HIS3 function but retention of TRP1 function (Fig. 3 ). Such events are likely the result of recombination, break-induced replication, or chromosome deletions that either replaced the marked chromosome arm sequences with the corresponding sequences of the unmarked copy of chromosome VIII or caused the loss of the genomic region containing URA3 and HIS3. Loss of both TRP1 and HIS3 functions attributable to chromosome loss was the next most frequent class of events. Local changes in the URA3 locus (retention of TRP1 and HIS3 function) were only observed in the BY4741/BY4742 background ( Fig. 3 ). PCR analysis of these local mutations indicated that ∼10% (∼0.2-0.5% of total events) were attributable to point mutations in URA3, indicating that most local changes were gene-conversion recombination events or relatively large insertions/deletions. The percentage of events in each class was generally similar in WT and mutant strains, and also over the course of aging (Fig. 3 ).
Ty1 Mobility Is Not Always Correlated with
Lifespan. An influence of retrotransposition on yeast lifespan during chronological aging was supported by some but not all of the results for different mutant strains and treatment conditions. It is worth noting that the lifespan of yeast strains grown at 20°C, the optimal temperature for Ty1 mobility (35, 36) , was substantially longer than the lifespan typically observed for strains grown at 30°C (17) . Populations of hsx1, loc1, and dfg10 mutants and cells exposed to PFA or grown in 2% (vol/vol) glycerol plus 2% (vol/vol) ethanol medium showed improved survival and took longer to reach 50% Mean (±SD) of median values for each category from two or more independent experiments each using three to four replicates for the BY4741/BY4742 background (BY, first 7 rows) or GRF167 background (GRF, last 6 rows). WT glu or WT eth/gly refers to strains grown in medium containing 2% (wt/vol) glucose or 2% (vol/vol) ethanol plus 2% (vol/vol) glycerol, respectively. WT (ADE2) refers to ADE2 derivatives in the GRF167 background used for comparison with dfg10::ADE2 mutants. Days to 50% or 10% viability were determined from trend lines for each dataset, and LOH and chromosome loss were measured as frequencies of obtaining 5-FOA r and 5-FOA r Trp − derivatives, respectively. Initial values were obtained from the first time point or the first time point at which cfu/mL was at least 33% of the initial control cfu/mL. Fold increase was determined by dividing the peak value obtained over the course of a chronological aging experiment by the initial value. *P < 0.05 using a two-tailed t test assuming unequal variance.
or 10% viability ( Table 1 ). The dhh1 mutants had no change in viability, and the spt3 mutants reached 10% viability more quickly than the WT strain, however, despite low levels of Ty1 mobility and aging-associated LOH and chromosome loss in these mutant strains. Analysis of the data for an influence of Ty1 on lifespan is complicated by potential gene-or treatment-specific effects on lifespan that are independent of Ty1 retromobility. An experiment comparing the lifespan of a Saccharomyces paradoxus strain completely lacking Ty1 elements with that of derivatives harboring a single Ty1 element did not support a direct role for Ty1 retrotransposition in cell survival during chronological aging (Fig. S5 and SI Results) . However, we previously found that genomic copies of Ty1 can participate in recombination events with Ty1-generated reverse transcripts to cause chromosome rearrangements in S. cerevisiae (37) , and the absence of dispersed genomic copies of Ty1 in the S. paradoxus strains may limit the potential for Ty1 to cause genome rearrangements. We used two diploid strains homozygous for independently integrated chromosomal Ty1his3AI elements to measure retromobility during chronological aging. The frequency of Ty1 mobility differed slightly between the two strains and remained stable or slightly decreased during the first half of these experiments (Fig. 4) . Retromobility was greatly elevated at late stages of three of four experiments, reaching levels 24-, 46-, or 77-fold higher than the initial value for each experiment (Fig. 4) . Substantial increases in retromobility were not observed until populations reached ∼1 × 10 6 cfu/mL or less. Interestingly, the populations in the one experiment in which an increase in retromobility was not observed exhibited relatively steady densities of colony-forming units that were greater than 1 × 10 6 over the course of the experiment. Pulsed-field gel electrophoresis identified novel chromosome bands and the absence of one or more parental chromosome bands in the electrophoretic karyotypes of His + cells obtained from aged populations (Fig. 4C ). Novel and/ or missing chromosome bands were identified by pulsed-field gel electrophoresis in 6 (50%) of 12 His + derivatives from old populations (≥24 d), in 1 (7.1%) of 14 His − derivatives from old populations, and in 4 (29%) of 14 His + derivatives of young populations (3-7 d) from the BY4741/BY4742 background (P < 0.05 for old His + vs. old His − , Fisher's exact test). The chromosome rearrangements are therefore specifically associated with retromobility in these populations.
Discussion
We have demonstrated an association between retromobility and genome instability during chronological aging of S. cerevisiae. Mutations and treatments that reduce Ty1 retrotransposition resulted in corresponding decreases in age-induced LOH and chromosome loss frequencies in diploid yeast strains from two genetic backgrounds. Ty1 could potentially play a role in formation of the LOH events we observed, because the majority of LOH events resulted from large-scale recombination/deletion events rather than point mutations. Ty1 retromobility was greatly elevated in old yeast populations and correlated with high frequencies of chromosome rearrangements. This work suggests that retrotransposition could be a useful target to modulate levels of age-induced genome instability and to examine whether genome instability plays a causative role in aging.
The correlation between Ty1 mobility and age-related genome instability established by our results is consistent with the possibility that Ty1 mobility is one of the causes of age-related genome instability. Ty1 elements could contribute to LOH and chromosome loss events by integrating into one of two heterozygous alleles, by triggering allelic or nonallelic recombination, and by causing chromosome breaks through the action of Ty1 integrase (Fig. S6) . Interaction of DNA repair and recombination proteins with reverse transcripts during integration could lead to recombination or break-induced replication events that involve allelic or nonallelic genomic sites that have Ty1 sequences. The sequenced yeast genome contains three Ty1 solo LTRs and one full-length element within 60 kb of the position of the hemizygous marker we introduced into our strains (www. yeastgenome.org). Failure to repair the single-stranded DNA gaps that flank Ty1 integration events could stimulate recombination events or give rise to DNA breaks during replication, thereby activating DNA damage signaling activities that lead to break-induced replication or chromosome rearrangements. Stimulation of such events could also occur in the absence of integration if Ty1 integrase possesses a nonspecific endonuclease activity similar to what has been observed for some retroviral integrases (38, 39 fork progression. Failure to repair chromosome breaks or to complete replication could result in chromosome loss. In addition, replication stress has been linked to yeast chronological aging (34, 40) , and Ty1 retromobility is activated by hydroxyurea (41) , an agent that causes replication stress. Therefore, replication stress could promote aging-associated genome instability by activating Ty1.
Retrotransposons could promote age-associated genome instability in many organisms, based on similarities in the mechanism of retrotransposition and regulation through common cellular stress conditions (42) . Yeast, mammalian, fungal, and plant retrotransposons can be activated by oxidative stress and/or DNA damage (10, (43) (44) (45) (46) (47) . Oxidative stress and DNA damage are associated with aging in a variety of organisms (19) . In addition, human L1 retrotransposons generate DNA breaks at frequencies greater than the frequency of retrotransposition (48) . Increases in mutations and genome rearrangements caused by retrotransposon insertions, endonuclease activities of retrotransposon proteins, and interactions between DNA repair proteins and reverse transcripts could therefore be common occurrences during aging of many species.
Because we did not always observe an inverse correlation between Ty1 retromobility and survival during stationary phase for the different mutants and conditions, we cannot conclude that Ty1 activity directly reduces lifespan. However, changes in cellular processes that influence lifespan independent of retrotransposition might obscure an effect of Ty1 on lifespan. Mutations in DHH1, LOC1, LSM1, and SPT3 result in a wide variety of phenotypes, whereas mutations in DFG10 and HSX1 result in limited phenotypes beyond their roles in regulating Ty1 (www.yeastgenome.org). For instance, although Ty1 mobility is somewhat reduced in lsm1 mutants, these strains exhibit a reduced chronological lifespan (49) and elevated genome instability attributable to changes in the regulation of histone gene expression (50) .
We also expected that survival during stationary phase and levels of genome instability would show an inverse correlation if the accumulation of mutations and genome rearrangements directly contributes to aging. Previous studies have found LOH increases during replicative and chronological aging in yeast (21, 22, 24) . One of these studies identified a correlation between natural variation in replicative lifespan and the increase in LOH during chronological aging, although the increase in LOH during chronological aging was observed to lag slightly behind the drop in viability (22) . We did not always observe a longer lifespan for strains with lower frequencies of LOH or chromosome loss. Therefore, our results are not fully consistent with yeast chronological aging resulting solely from an increase in the accumulation of deleterious genetic changes. However, cells have to survive DNA damage to exhibit an increased frequency of mutations, and preferential death of cells experiencing DNA damage and replication stress during yeast aging has been observed (34) . Such preferential cell death before mutagenic repair events occur could mask a correlation between lifespan and indicators of genome instability. Future work will need to address carefully whether cell death from DNA damage before the accumulation of mutations has a substantial impact on chronological lifespan.
The frequency of retrotransposition in human populations may be greater than originally suspected, based on a few recent reports of genome-wide studies of individual human genomes. These reports identified many polymorphic retrotransposon insertions using independent methods, and a substantial fraction of the insertions could represent recent events, based on very low allele frequencies (51) (52) (53) . Our results linking retrotransposition to aging-related genome instability in yeast and the growing appreciation of how dynamic these elements are in human genomes emphasize the importance of investigating the contribution of retrotransposition to aging in humans.
Materials and Methods
Yeast Strains and Media. Yeast strains were grown using standard media. Most S. cerevisiae strains were diploids made by mating derivatives of BY4741 (MATa ura3Δ0 leu2Δ0 his3Δ1 met15Δ0) and BY4742 (MATα ura3Δ0 leu2Δ0 his3Δ1 lys2Δ0) from the S288c background or JC2980 (MATα his3Δ200 ade2::hisG ura3-167 leu2::hisG trp1::hisG) and JC4545 (MATa his3Δ200 ade2:: hisG ura3-167 leu2::hisG trp1::hisG) from the GRF167 background. Ty1 mobility assays were performed using diploids JC5357 (MATa/α his3Δ1/his3Δ1 leu2Δ0/leu2Δ0 LYS2/lys2Δ0 met15Δ0/MET15 ura3Δ0/ura3Δ0 Ty1his3AI/Ty1hi-s3AI) and JC5390 (MATa::URA3/MATα ade2::hisG/ADE2 his3Δ200/his3Δ200 TRP1/trp1::hisG ura3-167/ura3-167 Ty1588:NEO/+ Ty1his3AI/Ty1his3AI) from the BY4741/BY4742 and GRF167 backgrounds, respectively. S. paradoxus strains were derivatives of DG1768 (54) . Details of strain constructions are provided in SI Materials and Methods.
Chronological Aging, Viability, and LOH Assays. Yeast strains were inoculated at densities of 5 × 10 3 cells/mL into 25 or 50 mL of broth in 125-or 250-mL flasks, respectively, and grown with shaking at 20°C in synthetic complete (SC) medium-uracil plus 2% (wt/vol) glucose plus fourfold excess of histidine, leucine, lysine, methionine, and tryptophan, unless otherwise noted. We used medium lacking uracil to reduce the proliferation of cells lacking URA3 function during the initial growth to saturation. After 3-4 d of incubation, and thereafter at intervals of ∼3-7 d, aliquots of cells were removed and analyzed. Cells were diluted in water, mixed with one or two volumes of 0.4% trypan blue in PBS, and incubated for 1 h before scoring the number of live and dead cells in a population of ≥200 cells using a hemacytometer to determine viability of populations. Cells were diluted in water and spread onto rich medium to determine the number of cfu/mL. To measure LOH, cells were diluted in water or centrifuged and washed in water and spread onto SC medium containing 5-FOA. LOH frequencies were calculated by dividing the number of resistant colonies by the total number of colony forming units plated. All plates were incubated at 30°C for up to 5 d. Chromosome loss frequencies were determined by replicating 5-FOA-resistant colonies to SC medium lacking tryptophan and dividing the number of colonies that failed to grow by the total number of colony forming units originally plated on 5-FOA medium. Initial values were those obtained after the initial 3-4 d of growth or from the first time point when cfu/mL was at least 33% of the initial WT cfu/mL. Fold increase during aging was determined as the peak value during the course of the aging experiment divided by the initial value. For competitive aging experiments, we mixed 5 × 10 4 cells/mL each of a Ura + parent strain and a Ura − (5-FOA r ) derivative in medium containing uracil. We determined the relative number of cells from Ura + parent strains and 5-FOA r derivatives at different time points during aging by spreading cells onto rich medium and then replicating colonies to medium lacking uracil, on which only the parental Ura + colonies could grow. Three independent 5-FOA r derivatives obtained from aging cultures at <25% viability were used for each of four experiments.
Pulsed-Field Gel Electrophoresis to Detect Chromosome Rearrangements. Yeast chromosomal DNA was prepared, and clamped homogeneous electrical field gels were prepared and run essentially as described previously (37) , except that gels were run at 4.5 V/cm for 51 h with switch times of 50-135 s.
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SI Results
Ty1 Integration PCR Confirms Reduced Ty1 Integration in Mutants
Used for Chronological Aging. Ty1 elements preferentially integrate into regions upstream of genes transcribed by RNA polymerase III (1). We performed semiquantitative PCR using a primer for 5S rDNA or a glycine tRNA gene in combination with a primer for Ty1 sequences to detect new integration events in parental strains and mutant strains used for chronological aging experiments. The expected result of the PCR assay is a ladder of products that corresponds to different sites of Ty1 integration in different subpopulations of cells. Reductions in the intensity and/or number of PCR products represent reductions in the levels of Ty1 integration. Most mutants tested had reductions in both the number and intensity of PCR products (Fig. S2) . Two exceptions are the lsm1 and dfg10 mutants. The lsm1 mutants did not differ very much from the parent strains, and the dfg10 mutants had a different pattern of integration, rather than a reduction in the intensities of the products (Fig. S2 ).
Single Genomic Copy of Ty1 Does Not Directly Influence Chronological
Lifespan. We introduced an active Ty1his3AI element into the genome of an S. paradoxus strain that completely lacks Ty1 elements (2). We did not observe significant chronological lifespan changes in either of two strains, one heterozygous and the other homozygous, for a single independently integrated Ty1 insertion relative to the parent strain with no Ty1 elements (Fig. S5 ). This result indicates that a single chromosomal Ty1 element does not influence chronological lifespan in these S. paradoxus strains.
SI Materials and Methods
Yeast Strain Constructions. To integrate URA3 into chromosome VIII at position 522206, a PCR product corresponding to chromosome VIII positions 522022-522634 containing a HindIII site at position 522206 was cloned into pRS406 and a URA3 fragment was cloned into the HindIII site. To integrate TRP1 into chromosome VIII at position 56054, a PCR product corresponding to chromosome VIII positions 55848-56333 was cloned into pRS406 and a TRP1 fragment was cloned into the BssHII site at position 56054. To integrate HIS3 at position 536843 of chromosome VIII, a PCR product corresponding to chromosome VIII positions 533996-537860 containing a SacI site at position 536843 was digested with XhoI and HindIII and cloned into pCR2.1 (Invitrogen Corporation). A restriction fragment containing both CAN1 and HIS3 was then inserted into the SacI site. The chromosome VIII-URA3, chromosome VIII-TRP1, and chromosome VIII-CAN1-HIS3 fragments were introduced into yeast using standard lithium acetate transformation. The dfg10::ADE2, dhh1::KanMX, loc1:: KanMX, lsm1::KanMX, and spt3::KanMX mutations were introduced by one-step gene replacement using PCR products corresponding to each allele. Because adenine biosynthetic genes were reported to influence lifespan (3), the dfg10::ADE2 mutants were compared with ADE2 derivatives of GRF167 diploids. The hsx1::LEU2 disruption allele was introduced by one-step gene replacement using a restriction fragment from a plasmid described by Kawakami et al. (4) . All mutations were confirmed by PCR assay, and at least two independent transformants were examined in each case. The haploid S. paradoxus Ty1-less strain, DG1768 (2), was transformed with pGALTy1his3AI, and Tyhis3AI mobility was induced by growing cells on medium containing galactose at 20°C. Derivatives harboring a chromosomal copy of unspliced Ty1his3AI were screened by their ability to form papillae on medium lacking histidine. The original haploid strain and derivatives harboring Ty1his3AI were transformed with a plasmid carrying a GAL::HO allele to induce mating type switching, and MATa derivatives were obtained. A URA3-integrating plasmid (pRS406) containing a DNA fragment corresponding to positions 286-514 of the S. paradoxus TRP1 gene was linearized at an EcoRI site in the TRP1 fragment and transformed into the haploid S. paradoxus strains to disrupt TRP1. Ura + Trp − derivatives from these transformations were mated to appropriate Ura − Trp + MATa or MATα strains to obtain diploid strains for chronological aging experiments.
Ty1 Integration PCR and Relative Quantification of Retrotransposition in Mutant Strains. A semiquantitative PCR assay was used to determine the relative level of Ty1 integration. Genomic DNA was prepared using cells from chronological aging cultures by glass bead disruption and phenol extraction. Approximately 100 ng of genomic DNA was then amplified by PCR with a primer for either the 5S rDNA or a site downstream of the tRNA gene tG(GCC)B and a primer to the TYA1 region of Ty1. Products after 31 and 34 cycles were analyzed by agarose gel electrophoresis. A control PCR assay was performed using primers TEL1F and TEL1R to the TEL1 gene to demonstrate equal PCR efficiencies for each template. Control products were analyzed after 17 and 19 cycles. The average integration PCR result was compared with the average result for the appropriate control strain to approximate the relative retrotransposition level in each mutant. Retrotransposition of the WT was set to 1, and for each mutant, this value was divided by 2 for every additional cycle of PCR required to obtain an overall intensity of products similar to WT. For instance, a mutant was considered to have one-eighth of the WT retrotransposition if 34 cycles were required to obtain the same overall intensity of products observed for the WT after 31 cycles [1/(2·2·2)]. Values were also divided by 2 if a single product was obtained predominantly, rather than a ladder of bands, or divided by 4 if the overall pattern of products (sizes and relative intensities) was distinct from WT.
Ty1 Mobility Assays. The frequency of His + prototroph formation in strains harboring a chromosomal Ty1his3AI element was determined by spreading appropriate dilutions of cells on rich medium and appropriate volumes of cells on SC medium lacking histidine to quantify Ty1 mobility. Frequencies of His + prototroph formation were calculated as the number of His + prototrophs divided by the total number of colony-forming units spread on selective medium. To measure Ty1 mobility during chronological aging, cultures were grown as described in the section on chronological aging with the exception that uracil was present in the medium. NaCl or sorbitol was added to final concentrations of 0.3 M and 18%, respectively; glucose concentration was increased to 10% final; or glucose was replaced with 2% glycerol and 2% ethanol. Spent medium was prepared using filter-sterilized supernatants from cultures incubated at 20°C for >20 d. To measure Ty1 mobility in different media conditions, strains were inoculated into 4 mL of broth at a density of 0.5-1 × 10 4 cells/mL and grown at 20°C for 10-15 population doublings (typically 3-4 d). Seven cultures were grown for each trial for each condition, and the median cfu/mL, number of His + prototrophs, and number of population doublings were used to calculate the median His + frequency per population doubling. The mean and SD were calculated for the median values from three or more replicates per condition.
Analysis of LOH Events. 5-FOA-resistant colonies harboring LOH events were replicated to medium lacking tryptophan and then to medium lacking histidine to determine the fraction of colonies that were Trp + (retained TRP1 function) and His + (retained HIS3 function), respectively. The fraction of Trp − colonies was classified as having chromosome loss events. Trp + His − colonies were classified as having large-scale recombination or deletion events. Trp + His + colonies were classified as having local sequence changes at the URA3 locus. PCR primers that annealed to sequences flanking the site of the URA3 sequence were used to amplify this region of the marked and unmarked copies of chromosome VIII for this last class of events. Samples that yielded two products were classified as having point mutations in URA3, whereas those that yielded only one product corresponding in size to the unmarked copy of chromosome VIII were classified as having local recombination or insertion/deletion events. . Ty1 integration is reduced in mutants used for chronological aging experiments. Each pair of lanes in each panel corresponds to PCR products obtained at two different cycle numbers from an independent DNA template of the indicated strains amplified with primers to detect new Ty1 integration events (Ty1) or with control primers to a single-copy gene (TEL1). A 5S rDNA primer was used for all integration PCR assays shown, except for the dfg10 set, for which a primer downstream of tG(GCC)B was used. Agarose gels were stained with ethidium bromide to visualize the products, and the size (kb) of selected DNA size standards is indicated.
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